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ABSTRACT
Effects of Several Solutes and Water Stress on
Succinic Dehydrogenase

Activity

by
Rex Alton Richards,

Doctor of Philosophy

Utali State University,

1972

Major Professor:
Dr. Herman H. Wiebe
Department: Botany
The influence of the concentration

of several

solutes on the activity of

succinic dehydrogenases

from acetone powders of several

spectrophotometrically.

The plants used were:

var. botrytis,

L. ) , sugarbeet

A. Nels. ) . Sodium chloride,

glycerol,

Cauliflower

(Brassica

oleracea

L. ) , sunflower (Helianthus annuus,

(M. Bieb) C. A. Mey., and Samphire (Salicornia

L.), Halogeton glomeratus
rubra,

(Beta vulgaris,

species was studied

potassium

glucose, and Hoagland's solution,

chloride,

at increasing

mannitol,

sucrose,

concentrations,

were

used.
Decreased
potassium chloride,

(more negative) osmotic potential produced by sodium chloride,
and Hoagland 's solution resulted
'

enzyme activity at low solute concentrations
activity at higher solute concentrations
Increasing
increased

concentrations

succinic dehydrogenase

in a slight increase

in

('11'"" -5 to -10 bars) but decreases

(to about -130 bars).

of glucose and sµcrose
activity.

resulted

in greatly

in

Increasing
dehydrogenase

concentrations

activity,

of mannitol result.ed in increased

but the activity appeared to level off between an

-9. 3 and -15. 8. Limited solubility prevented measurements
concentrations,
decrease

so that it is impossible

71" of

at higher mannitol

to say whether these would increase

or

the reaction rate.
Increasing

decreased

succinic

concentrations

of glycerol in the reaction cuvette resulted in

enzyme activity.
Increased water stress,

changes in succinic dehydrogenase

produced by repeat.ed wilting, did not cause
activity in sunflower plants.

It appears that osmotic potential is not the cause of variations
dehydrogenase

activity,

since equal osmotic potentials produced by sodium

chloride or sucrose led to almost opposite results.
and its concentration

in succinic

Instead, the species of solute

seem to be more important.

Halophytes (Halogeton and Salicornia) had about the same activity and reaction to various solutes as the other plants that were tested.
the osmotic potentials used,
dehydrogenase

there were no significant

It appears that at

differences

in succinic

activity among the five species.
(75 pages)

INTRODUCTION

The subject of this disseration
Plant Physiology:

deals directly with two subdivisions of

water relations and plant biochemistry.

effects of osmotic potential and water stress

It is a stuqy of some

on the enzyme, succinic dehydro-

genase.
The effects of water content upon plant respiration

are varied.

cally all the effects that one could propose have been demonstrated
researchers.

The reasons

for these changes in respiratory

Practi-

by various

metabolism have re-

mained largely unexplored.
The concentration

of solutes in the medium in which the measurement

the metabolic activity takes place has been found to have a considerable
the rate of en,zyme activity.

of

effect on

It is not clear whether this effect is a result of

osmotic potential variation or solute species and concentration.
Research with solute effects or water stress
of enzymes from acetone powders of mitochondria.
dealt with intact mitochondria

centrations.

has

respirometers

measurements.
has dealt with halophytes--plants

motic potentials within the plant--or
sodium chloride.

Most of the research

and has utilized Warburg-type

rather than spectrophotometric
Little investigation

rarely has involved the use

with unusual os-

with compounds other than sucrose or

These two have been studied only at comparatively

The experiments

low con-

that have dealt with water stress have most often

2

used only turgid and wilted plants.

Perhaps

repeated wilting would have different

effects on enzyme activity than would only the first wilting period.
In order to clarify the changes in enzyme activity that are brought about

as effects of either solute species and concentration
these areas of research
cauliflower,

were undertaken:

(A) Succinic dehydrogenase,

was selected to use t.o measure

solutes on enzyme activity.
was measured

the influence of several

from

individual

(B) The osmotic potential in the reaction cuvette

so that it was possible t.o compare the enzyme activity at equal

osmotic potentials
of the importance

produced by several

solutes.

of osmotic potential versus

(C) Five species of plants,
concentrations

or various osmotic potentials,

solute species and concentration.

including two halophytes,

of solutes in order to determine

different in their sensitivity

This enabled a determination

were studied using various

if some species of plants were

to osmotic potential or solute effects.

dicated if halophytes reacted differently

with increasing

This also in-

solutes than other plants.

(D) Sunflower plants were subjected to repeat.ed wilting and then their enzyme
activity was measured
whether water stress
The research
of mitochondria

in order t.o study the influence of drought.
had a permanent

effect on enzyme activity.

just outlined was investigated

and spectrophotometric

This indicated

by using acetone powders

methods of analysis.

3

REVIEW OF LITERATURE

Solute Effects

Effects on general respiration
Cytologists have long been interested
mitochondria.
enzymologists

in the structural

Their fascination with mitochondria
and molecular

biclogists

concerned with aerobic respiratory
cellular organelles.

intricacies

was soon shared by

because the greater part of the enzyme

metabolism

were associated

with these

A good deal of attention was then concentrated

lationships between mitochondrial

of

structure

and mitochondrial

on the re-

function, and

factors affecting both.
One of the properties
swelling.

that was examined was that of mitochondrial

Lehninger (1962) classified

mitochondria
response

into two types:

volume changes in liver or kidney

(a) a "passive"

to osmotic concentrations

rapid swelling or shrinking in

of relatively

impermeant

solutes in the

suspending medium, and (b) an "active" slow respiration-dependent
shrinking caused or accelerated
phosphate,

thyroxine,

by a group of agents which included Ca

++

,

sulfuydryl compounds, and free fatty acids.

Wilson, Thurston,

and Mitchell (1971) compared ultrastructural

changes in plant and animal mitochondria
found some differences

swelling or

using beans and rat livers.

They

between the two and concluded that the ultrastructural

4

transformations

in bean mitochondria

reflect osmotic adjustments

changes in the energy state of the respiratory
Mitochondria

have been observed

(Claude, 1946; Hoge boom, Schneider,
gross structure
ronment.

than

assembly.

to be discrete

osmotic systems

and Pala de, 1948; Opie, 1947) and their

has been shown to be related to the water potential of the envi-

Dianzani (1953) showed that distilled wat:er or hypotonic solutions led

to a good deal of swelling of mitochondria
slight decreases

in mitochondrial

size.

but that hypertonic solutions led to only
Mala med and Recknagel (19 58 and 19 59),

Reclmagel and Malamed (1958), and Tedeschi and Harris
strated

rather

the ability of mitochondria
Respiratory

to behave as osmomet:ers.

activity is influenced by the osmotic potential of the media

used in both preparation
Feigelson,

and assay procedures

1953 and 1954; Lehninger,

Hassan,

1954), but few researchers

fluence on the permeability

and Gregory,

have considered
enzymes,

osmotic pot:ential it-

apart from any osmotic in-

the effect of

various solutes on respiration

The following review of literature

with the references

and

will give additional details

listed in Table 1.

The effects of solutes on general respiration
This will be followed by a review of the literature
on specific enzymes.

1958; Laties,

or swelling of mitochondria.

Table 1 summarizes
enzyme activity.

1953; Harman and

and Sudduth, 1954; Slater and Cleland,

self to affect the activity of mitochondrial

associated

(Dianzani,

1952a and 1952b; Honda, Robertson,

1953; Tyler,

(1955 and 1958} demon-

will first be considered.

concerned with solute effects

5

Table L

Effects of various

solutes

on respiration

and enzyme activity

Enzyme
or
Property

Influence

Respiration
(manometric
methods

Increases to a maximum at 0. 3 to
0. 4M and then decreases with
sucroseo

Millerd (1953)
Honda & Muenster

Decreases
sucrose

Atsmon & Davis (1967)
Flowers & Hanson (1969)
Slater & Cleland (1953)
Witter, Watson, &
Cottone ( 19 55)
Harman & Feigelson
(1952)
Johnson & Lardy (1958)

of Increased

Stress

with increases
concentrations.

in

Reference

(1961)

Increased at all NaCl concentrations
used ( to -4 atm.)

Nieman (19 62)
Livne & Levin (1967)

Decreased with increases
NaCl, KCl, Na SO
2 4

Flowers & Hanson (1969)
&
Poljakoff-Mayber
Hasson-Porath
(1968)
Atsmon & Davis (1967)

in

Dopa oxidase
& cytochrome
oxidase
activity

Increased with increases in NaCl
or KCl from 0. 0lM to 0. lM.

Riley (1950)

Malic dehydrogenase
activity

Activity increases with two
peaks at 0. 04M and 0. 07M
NaCl or KCl and then
decreases.
Similar results
with many other compounds.

Hiatt & Evans (1960)

Activity decreases with 0 to
L OM sucrose or KCL

Flowers

Activity increases with increases in sucrose from
0. 09M to 00 72 Molar.

Dalgarno

& Hanson (1969)

& Birt (1962)

6

Table 1.

Contmued

Enzyme
or
Property

Influence of Increased

Stress

Reference

Pyruvate
oxidation

Activity increases with increases in sucrose from
0. SM.

Das, Banerjee,

NA DH oxidase
activity

Activity stimulated up to tenfold by increases in ten
4
inorganic salts from 10 - to
10- 1 Molar.

Hackett (1961)

Miscellaneous
purified
respiratory
enzymes

Increases in activity at low
concentration.s of various
salts but decreases with
larger concentrations
of
salts.

Greenway & Osmond
(1972)
Hasson- Porath &
Poljakoff-Mayber
(1969 & 1971)
Porath & PoljakoffMayber (1968)
Weimberg (1967)

Glucose-Pisomerase
activity

Unaffected at concentrations
of Na so used O to -5 atm.)
2 4

Porath & PoljakoffMayber

Phosphatase
Activity

Unaffected at concentrations
of Na so used
2 4

Hasson-Porath
&
Poljakoff-Mayber
(1971)

Malate dehydrogenase, as-·
partate
transaminase, glucose-6-Pdehydrogenase,
isocitrate
dehydrogenase Activity

Unaffected at O to 0. 4M
MannitoL

Greenway & Osmond
(1972)

& Roy

(1962)
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Table L

Continued

Enzyme
or
Property

Influence

Succinoxidase Activity
(manometric
methods)

Decreased with increasing
NaCl, KCl KNO3, Na 2 HPO 4 & mannitol.
KH2PO4, sucrose,
Could be reversed with
distilled watero

Riley 1950)
Slater & Cleland (19 53)
Tyler (1954)
Dianzani (1953)
Christiansen
(1968)

a -ketoglutaric oxidase
Activity

Decreased with increased
concentraticns
of NaCl or
phosphate.

Slater

D-amino acid
oxidase
Activity

Decreased with increased NaCl,
KC], Na2HPO 4 -KH 2 Po , sucrose,
4
& mannitol.

Dianzani (1953)

PEP-carboxyJase, ribuJose-1, 5diP-carboxylase Activity

Decreased with increases
Na SO , & NaCl.
2 4

Osmond & Greenway
(1972)

of Increased

Stress

in KCl,

Reference

& Cleland

(19 53)

8

Increased
bean (Phaseolus
suspension.
nitrogen

respiration.

aureus)

Millerd

using manometric

Cubic millimeters

were measured

(1953) investigated
measurements

of oxygen consumed

with sucrose

to 0. 5M.

She found an increase

centration

until about 0. 3M.

Further

and a mitochondrial
of

ranging from about 0. lM

with an increase

increases

in mung

per hour per milligram

concentrations

in respiration

respiration

in sucrose

in sucrose

con-

brought about a re-

duction in respiration.
Honda and Muenster
chondrial

suspension

sucrose

respiration

then resulted

Nieman (1962) measured
crop plants.
osmotic
Warburg

until about 0. 4M sucrose

in decreased

(about 0. lM).

respirometer.

the effects

had increasing

NaCl, the respiration

was measured

respiration

increased
stems.

respiration
Manometric

with increasing

was reached.

in

increased.
They brought about

by adding 24 mM NaCl each day until an osmotic

of about -3 atmospheres

of

in a

plants had a decrease

Livne and Levin (1967) grew peas in liquid culture.
gradually

of 12

with -1 to -4 atmospheres

Even though the most sensitive

growth with increasing

in the re-

had been reached.

of NaCl on the respiration

The tissue respiration

All species

NaCl concentrations.

salinization

and a mito-

respiration.

Plants were grown in liquid culture

potential

respirometer

from Lupinus albus (L.) and found that sucrose

action medium increased
Additional

(1961) used a Warburg

Increased

NaCl in the nutrient

potential
solution

by about 33% in the leaves and 10-15% in the roots and
measurements

were used to determine

levels of respiration.

9

In summary,
respiration
tentials

solute concentration

if intact mitochondria

has led to increased

were used and high (close to 0) osmotic

measurements
were isolated
at several

respiration.

of respiration

Harman and Feigelson

(1952a) made manometric

using rabbit heart mitochondria.

in 0. 5M sucrose.

The sucrose

in the reaction

levels from 0, 25M to 0, 50M sucrose.

from 64 µ hters

The mitochondria
vessel

The respiration

was placed
decreased

oxygen uptake per protein unit in the 0. 25M sucrose

to 16 µ

in the 0. 5M sucrose.
Slater and Cleland

1953) and Witter,

that the uptake of O>,.rygenby mitochondria
concentrations

Watson,

oxidation

and ca pry late to nearly

Packer

a -ketoglutarate,
complete

was little affected,
1962 demonstrated

chondrial

respirat10n

citrate,

suppression

This research
that high sucrose

with succinate

above 0. 17M inhibited

pyruvate

at 0. 48M.

ditions of varying osmolarity
concentrations

decreased.

high

They also claimed

by freezing

(to aceto-acetate),
However,

concentrations

succinate

decreased

mito-

as substrate.

using intact mitochondria

of sucrose,

the

involved intact mitochondtia.

Atsmon and Luvis (1967) studied mitochondrial

creasing

in media containing

of sucrose.

of glutamate,

oxidation

and Cottone (1955) found

was decreased

Johnson and Lardy (1958) found that sucrose

branes

po-

were utilized.
Decreased

liters

increasing

mannitol,

that a destruction

and thawing brought

respiration

under con-

and found that with in-

NaCl, or KCl, the respiration
of the mitochondrial

about a cessation

of respiratory

mem-

10
inhibition.

They proposed tba t the cause of inhibition was an impediment to the

entry of substrates

or a decreased

accessibility

of substrate

to dehydrogenase

at higher solute concentrations.
Poljakoff-Mayber

and Hasson-Porath

phate salinity and its effects on carbohydrate
used NaCl and Na

2

so4 at

found that increased
were involved.

concentrations

Hiller,

1540 in studying respiration
glycol led to decreased

metabolism

in pea roots.

producing -1 to -5 atmospheres

salinity led to decreased

Greenway.

(1968) studied chloride and sul-

respiration.

and Flowers (1968) used polyethylene glycol

in Chlorella sp. and found that high polyethylene

respiration.

sions using a Clark oxygen electrode

respiration

reverse

oxygen uptake.

They found that as solute concentrations

decreased.

Sucrose and KCl were used as the solutes.
pressure

and found that hydrostatic

osmotic potential effects.

effect on respiration

suspen-

in conjunction with a Gilson oxygraph to

unique method of varying hydrostatic
respiration

and

Intact mitochondria

Flowers and Hanson (1969) worked with soybean mitochondrial

measure

They •

pressure

Therefore,

increased,
They used a

with syringes while they measured
between 0 and +11. 5 bars did not
they concluded that the solute

was not a water potential effect but some other effect of

solute or water concentration.
The preceding articles
studies of respiration
mitochondria,

could perhaps be summarized

that have involved manometric

low concentrations

by stating that in

measurements

and intact

of solutes (about 0. 02M salts and 0. 4M sucrose)

11
often, but not always, resulted
centrations
increased

have resulted

in an increase

in both decreased

of respiration.
respiration

Higher solute con-

(less

~

consumed) and

respiration.

Effects on specific enzymes
Interest

in the effects of osmotic potential on respiration

from gross respiration

to a study of solute effects on specific enzymes.

Increased enzyme activity.
enhan'cement of cytrochrome,
melanomas.

In 1950, Riley studied salt inhibition and

succinic,

He used a manometric

and Dopa oxidase systems of mouse

method and intact mitochrondria.

oxidase and cytochrome

oxidase.

Hiatt and Evans (1960) measured

with purified enzyme separated

O. 04M and 0. 07M.

the influence of salts on the activity of

from spinach leaves.

NaCl or KCl resulted

At levels

in the activity of Dopa

between 0. OlM and O. IM NaCl or KCl there was increase

malic dehydrogenase

has shifted

from the mitochondria.

in increased

Further

A spectrophotometric

They found that increasing

malic dehydrogenase

salt increases

resulted

method was used

activity with two peaks at

in inhibition of enzyme activity.

The NaCl effect was not overcome with high concentrations

of substrate.

There-

fore, the action of NaCl was on some site other than the active site of the enzyme.
Sodium acetate,
tartrate,

sodium formate,

sodium phosphate,

and many other combinations
sults.

sodium succinate,

sodium citrate,

sodium

MgCl2, MnC12 , NaN03, Na2 S04, NaBr, Nal,
of Na+, K+, Li+, or NH4 + resulted in similar

They found that in general,

re-

the enzy~e activity incre~sed with increasing

12
10nic streng~th

until an optimum was reached

at a leveltwo to three times that of

the base lewel.
Hacckett (1961) measured
activity

the effects

frorim sweet potato mitochondria.

that the res1piratory-chain
tenfold by im.o rganic
Dais,

of external

NADHwas stimulated

from 10 -\o

and studied the effects of increasing

oxiid:ation.

A Warburg

pyruvate

oxiidlation.

The sucrose

cenizyme activity

respirometer

scrose

Molar.

wtere used.

Activrity

suspension

from

concentrations

on

levels ranged from

I

to 0. 8 Molar.

the

As sucrose

increased.

amd ma1ate oxidation.

suspension

as much as

was utilzed for measuring

Dallg 1arno and Birt (1962) studied increasing
succinate

and found

10 - l Molar.

and Roy (1962) used a mitocbndrial

pyruvate

increased,

n salts on NADH oxidase

He used int,ct mitochondria

salts at concentrations

Banerjee,

Vigna sinernsi.s

oxidation

of about

A Warburg

Sucrose

respiromter

concentrations

at the high sucrose

8.crose concentrations

on

and a mitochondrial

range, from 0. 09M to 0. 72

level was more tlan twice that at the lowest

level of suciro>se.
Gneemway and Osmond (1972), Hasson-Porat
(1969 and 197 1), Porath and Poljakoff-Mayber
have worked ,with various

salts and various

at much the s,ame conclusions
concentratioms
enzymes

as previously

of the salts resulted

and Poljakoff-Mayber

(1968), and Weimberg
purified

(1967)

eizymes and have arrived

cited in Hatt and Evans (1960).

in stimulation

of Elzyme activity.

cam Hake much higher levels of salts before he enzyme activity

to decrease.

Low

Some
begins

13
Karmarkar

and Joshi (1969) found that with increased

organic acid synthesis

NaCl in sand culture,

in Bryophylum pinnatum increased.

In obligate halophytic bacteria,

low Na Cl inactivated

genase by causing unfolding of the protein,

isocitrate

yielding a less-compact

and exposing internal sulhydryl groups (Hubbard and-Miller,

dehydro-

conformer

1970).

They reported

that low solutes led to low enzyme activity whereas high solutes led to high activity~
Unaffected enzyme activity.
find any effect of increases

Porath and Poljakoff-Mayber

in Na?.so 4 on glucose.phosphate

isomerase.

in chloride salinity seemed to have no effect on labeled

crease

(1968) did not

c1,

An in-

but decreased

c6 labeling.
Hasson-Porath
increasing
creased,

and Poljakoff-Mayber

Na 2so 4 on phosphatase
ADP increased,

activity.

and AMP remained

(1971) could not find any effect of
As salinity increased,

ATP de-

the.same.

Greenway and Osmond (1972) found that as mannitol levels were increased

(0 to 0. 4M), the activities

aminase,

glucose-6-P

of malate dehydrogenase,

dehydrogenase,

and isocitrate

aspartate

dehydrogenase

trans-

remained

about the same.
Decreased

enzyme activity.

NaCl and KCl concentrations
the sUccinoxidase

in mitochondrial

activity decreased.

NaCl effects were additive.

Riley (1950) found that as he increased
suspensions

could be reversed

in the respirometer,

He found no ion antagonism.

KCl and

Tests involving KNO3 showed that decreases

enzyme activity were not due to a chloride effect.

the

in

The NaCl inhibitory effect

if NaCl was replaced with distilled water.
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Slater and Cleland (1953) worked with heaL mitochondria
chondnaJ
ing sue

su pens10n in the Warburg respirometer.
se concentrations

This seems

Das, BanerJee,

They found that with increas-

O to 0, 78 M the succinxidase

to be the opposite of the results

a -ketoglutanc

mentioned.

in NaCl o phosphate

19 53) investigated

Slater and Cleland

a similar

He studied a mitochondrial

ney in a respirometer.

Dianzani,

than most researchers.

osmotic

1962), and

Slater and
led to decreased

however,

are: at about the same time as
suEJension from rat liver or kid-

used a wider range of concentrations

His levels ranged from 0. >092M to saturated

He found that NaCl, KCl, Na HPO -KH PO , sucnse,
2
4
2 4

expected"

declined.

ox1dase activity.

Dianzani

creases

activity

of Dalµrno and Birt

and Ruy (1962) that were previous!:

Cleland (1953), also found that increases

using a mito-

in succrnox1dase

activity

the NaCl inhibition
potential

solutions.

and mannitol all gave de-

and D-amino acidoxidase

was about twice the sicrose

activity.
inhibition.

of NaCl is about two times the osnotic potential

As to be
The

of sucrose

at

the same molarity.
Tyler (1954

used rat and pig mitochondriain

with three levels of sucrose
chondrial

preparatwns:

dria --damaged

a) intact mitochondria,

by leaving them in glass-distilled

and (c) m.itochondria
sucrose

fragmented

level increased,

the structural

0, 0. 18M, 0. 36M).

by mechanical

the succinoxidase

state of the mitochondria.

a Warburg

To used three

respirometer
types of mito-

0) water damaged mitochon-

vater for a period of time,
vih'ation.

He found that as the

activitydecreased,
From thh it appears

irrespective
that the

of

15
mechanism

uf act10n of the osmotic

of permeab11Jty.

His suggested

effect is other than that due to an alteration

mechanisms

will be discussed

later on in this

dissertation"
Greenway and Osmond

197 2), Hasson-Poratt

(1969 and 19711, Hiatt and Evans
and We1mberg

1967' all worked with purified

but high levels resulted
sucrose,

mitochondria
A Warburg

respirometer

was utilized

The rate of succinate
osmotic

Flowers
measured

None of them used

per hour,

oxidation

w1

per milligrnm

decreased

th a spectrophotometer.

malate

so4 ,

with decreasing

were meas-

(becoming

of plants differing

carboxylase.

soybean mitochondria
by following changes

or KCL

and then
in optical

fu.creasing solute concentra-

activity.

1972 studied salt responses

and NaCl, led to lower activities

5-diphosphate

of protein

and

Solute levels in the cuvette were

dehydrogenase

Osmond and Greenway
from species

suspension,

potentials.

by using 0 to L OM added sucrose

enzymes

oxidation of red beet

ith the mitochondrial

and Hanson (1969 sonicated

tions led to decreasing

2

enzyme activity,

ranging from 0. 25 to 1. 0 osmolar.

the act1v1ty of malate dehydrogenase

dens1 ty at 340 nm
altered

in mcreased

the rate of succinate

concentrations

of oxygen consumed

more negative,

Na

enzyme ::>reparations and various

enzyme activity.

1968' examined

with sucrose

µ liters

ured.

in decreased

(1968),

however"
Christiansen

the

1960), Porath and Poljakoff-Mayber

They found that low levels of salts resulted

salts.

and Poljakoff-Mayber

in salt tolerance.

of carboxylation
fu.creased

of PEP-carboxylase

PEP-carboxylase

from C4-leaves

KCl,

and ribulose-1,
was the most
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sensitive to increased salts. It was followed in sensitivity by PEP-carboxylase
from C4-roots or

c3 -shoot.s

and roots, a nd then by ribulose-1. 5-diphosphate car

boxylase. PEP-carboxylase from

c4-halophytic

plants was more salt sensitive

than that from a salt sensitive species.
The effects of solute concentration on specific enzymes may be summar
ized. An increase in salts can result in: (a) increases in enzyme activity at low
concentrations, but decreases with larger salt concentrations, (b) decreases in
enzyme activity over all ranges of salt content, (c) increased enzyme activity,
and (d) no change in enzyme activity. These are almost all the reactions that
would be possible to observe.
An increase in sucrose or mannitol can result in: (a) increases in enzyme
activity, (b) decreases in enzyme activity, and (c) no change in activity.
It is evident that at least three factors are important in leading to these
various results with the effects of salts, sucrose and mannitol: (a) the state of the
mitochondria (intact, fractured, or isolated enzyme), (b) the nature of the plant
material used (leaves, stems, roots,

c3

or c4 pl�nts, etc.),_ and (c) the methods

used (manometric, spectrophotometr ic, oxygen electrode, etc.).
Possible Causes of Solute Effects
Plants that grow in saline environments take up ions so that the internal
osmotic potential decreases as a result in increasing internal salt concentration.
As the internal osmotic potential decreases, the plant's W?ter uptake increases,
and the plant is able to maintain turgor, even when growing in saline soils of low
water potential. This effect was called osmotic adjustment by Bernstein (1961).

l
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Investigators

began to wonder what effect these higher levels of solutes might

have on the activities

of enzymes.

One of the sites of enzymes that was first

investigated was the mitochondrion with its associated

respiratory

enzymes.

Mitochondria are membrane bounded, and expand and shrink depending
on the solute environment.
creases

It was tlDught that the effects of inc!l'eases and de-

in enzyme activity observed with mitochondria were solely produced by

water potentials.

Flowers and Hanson (1960) constructed

could, through the application of measured pressures
change water potentials.
an application of pressure

syringes so that they

on the reaction constituents,

If it was an effect of water potential,

they deduced that

should produce changes in enzyme activity.

found no evidence that the water potential~~

affected mitochondrial

They decided that the strong inhibition must be due to increasing

They
activity.

solute concentra-

tion.
It was suggested by Miller and Evans (1956) that various species and concentrations

of ions may have differential

They proposed that various reactants

effects on membrane permeability.

have to penetrate the mitochondrial

brane during the course of the enzyme reaction,
membrane permeability
research

and therefore,

mem-

alterations

would affect the rates of enzymatic reactions.

in

Their

also indicated that the inhibitive effect of some compounds on enzyme

activity was not entirely an effect of ionic strength.

The effect produced seemed

to be dependent on the nature of the cation.
Two years previously,

Tyler (1954) investigated

from intact, water damaged, and fragmented mitochondria.

succinoxidase

activity

All three methods
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produced

the same results

enzyme activity

in his research,

are effects

on something

1r 1972, Greenway

reduction
usmotic

They concluded
salt solutions

other thar rrembrane

and Osmond published

in enzyme activity
potential

This i1d:bates that solute effects

observed

mannitol

solutions

did not produce reductions

that the cell may regulate
were not normally

exposed

tissue

io1 ilteraction

in enzyme activity.

the ionic environment
to high salt levels.

of NaCl had no inhibitory
cytoplasmic

Thi.3 rresumed

Evidently

that species

effec m growth,

of the four enzymes

dehydrogenase,

isocitrate

environments.
machinery
the same

possibly

because

ion cornentration.
spongiosa plants in levels of

die n t induce major

differences

they stulied (malate dehydrogenase,

dehydrogemse,

the plant was able to keep the enzymes

else the enzymes

dif-

within cell

In At iplex spongiosa

NaCl up to 400 mM and found that this treatment

glucose-6-P

so that enzymes

c)u:d be regulated

Greenway and Osmond (1972) grew Atriple:

activity

to the

They also proposed

broke down, component! o the metabolic

the tissue was able to regulate

in the specific

potential

of thE cytoplasm

to salts the way they do in vitro.

concentration

that the

with enzymes.

so that plants could grow well in salne or non-saline

When and if this regulat10n
would respond

~emlts that indicated

eqllll in osmotic

fered in the degree to which the ion concentration
compartments

permeability.

with various salts was not an effect of

but was the result of inorganic
this because

aspartate

transaminase).

se)a::ated from high NaCl or

were not affected by it.

Hiatt and Evans (1960) found that the inhibtion of malic dehydrogenase
activity

by NaCl was not overcome

on

with increases

il substrate

concentrations.
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They concluded

that the actfon of NaCl was on some)ther

of the enzyme

The mhibit10n was non-competitive.

might .influence the rates of association
products

from the enzyme.

mtramolecular
change

of the substrates

that ion might interfere

h drogen bonding of the enzyme protin

resulting

and

with the

in some physical

e.g. , unfolding in the enzyme),
Riley (1950) reported

NaCl could be removed

that the inhibition

Several

possible

Ionic strength,

tive phosphorylation

causes

been investigated.

water.

of the effects on eTiyme activity

specific

effects,

wit. distilled

This in-

was not being denahred.

soJutes have been investigated

potential,

of m.zyme activity produced by

if the NaCl was replaced

dicated that the enzyme protein

various

They thought that salts

and dissocision

They suggested

site than the active site

in the past,

effects of ions,

and membrane

produced by

Vater potential,
canpetitive

permea,ility

osmotic

inhibition,

and structure

oxidahave all

None has provided a satisfactor_)explanation.

Water Stress

Effects

Effects on generaJ metabolism
Table 2 summarizes

the effects of water stess

The following review of literature
references

will give additiontl

on general metabolism.

details associated

with the

listed in Table 2.
The effects

of water stress

plored for a number of years.

on general

This section,

plan metabolism

in contast

have been ex-

to the chronological
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T~he 2.

Effects

Eizy me
orr

of water stress

on general

metabdism

1

Influence

of Increased

Stress

Reference

Pupoerty
Apa.rent Photo,ymthesis
C(O assim2
ilratwn in
light)

Decreased photosynthesis
in
tomato, loblolly pine, appli
trees, clover, corn

R6pJiration

Increased to a maximum (-9
atm. in tomato and -32 atm
in lob lolly pine) and then
decreased at higher stress.

Brix (1962)
Schneider & Childers
(1941)

Increased

Upchurch, Peterson,
Hagan (1955)
Ziv (1968)

in beans and clover

paarrneters

H2;arn (1955); and Shimshi
(apairent

is basically

arranied

according

photosynthesis)

&

to the metabolic

that have been studied,

Brix (1962); Schneider

&

Porath and PoljakoffMayber (1964)
Nir, Poljakoff-Mayber,
and Klein (1970)

Decreased

aramg ement of the last sect10n,

Brix (1962)
Schneider & Childers
(1941)
Upchurch, Peterson,
Hagan (1955)
Shimshi (1963)

and Childers

(1963) measured

(1941):Upchurch,

Peterson,

carbon doxide assimilation

as affected by water stres.

and
in light
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Brix (1962

used an infrared

gas analyzer

of the intact plant.

The plants he utilized

chromel-constantan

thermocouple

the leaves

to measure

CO - exchange
2

were tomato and loblolly pine.

A

was used to dete:rmine the water potential

Brix found that increased

water stress

led to decreased

of

photosynthe-

818

Schneider

and Childers

1941) worked with two-year-old

the field and in the greenhouse.
altered.
c

Treatments

used were:

five days of wilting,

and a two h ur wait.
sis.

The

recovery

water stress

and measured

Soil moisture

foLowed by application

resul:ed

in decreased

was

of water

photosynthe-

of water.
8-10 day old clover.

the CO assimilation
2

resulted

in

(b) one day before wilting,

and Hagan (1955) utilized

water stress

followed application

in decreased

of the whole

photosynthesis.

Rapid

of water.

1963) measured

Soi] moisture

(a) ample water,

rapidly following application

Peterson,

Increased

Shimsh1
stage.

lncreasing

varied the soil moisture

plant top.

was used.

(dJ six days of wilting,

The plants recovered
Upchurch,

Leaf material

apple trees

CO assimilation
2

tension was vaned.

utilizing

Increased

stress

corn in the 5-leaf
resulted

in lower

photosynthesis.
A second parameter

used as an indicator

of metabolic

activity

was that

of respiration.
Brix

1962),

in the research

menti ned previously

lob lolly pine, found with tomato that an increase
atmospheres

resulted

in a rise in respiration.

in water
Values

with tomato and
stress

of up to -9

more negative

than -9

22
led to decreased

respiration.

Similar

results

except that the peak came at -32 atmospheres
Schneider
creased

and Childers

respiration,

were obtained with lohlolly pine
rather

than -9 atmospneres.

(1941) found that water stress

but then resulted

in decreased

first led to in-

respiration

with additional

water stress
Upchurch,

Peterson,

of clover with rises

and Hagan

2

so

tion m stressed

4

increased
chloride

(-1 to -7 atmospheres)

plants

However,

Ziv

water stress

Nir,

was used to mcrease

in respira-

1968) found that salt solutions

used with

and the rate of refpiration

Poljakoff-Mayber,

led to decreases

levels of

and found decreases

the number of mitochondria

But then again,

Effects on specific

in

and Klein (1970) re orted that

in root cell respiration.

Sodium

stress.

enzymes

I was able to locate reports
been studied with respect

in the literature

to water stress

of the effects of water stress
activities

1964) grew peas at various

salimty

bean plants mcreased
leaves.

in respiration

in water stress.

Porath and Poljakoff-Mayber
NaCl or Na

1955) found slight rises

changes.

on the activities

ment10ned will be those that result
Some of the apparent

contradictions

omitted if the following points are considered;
produce water stress?

on 21 enzymes
Table 3 contains

of specific

enzymes.

when water stress

that have
a summary
All enzyme

is increased.

in Table 3 can be clarified
(a) What methods

(b) What part of the plant was utilized,

and

were used to
and (c) What

23

Table 3.

Effects of water stress

on the activities

of specific enzymes

Influence of
Increased Stress

Enzyme

Reference

Activity increased

Amylase

El- Fouly & Jung (197 0)
Spoehr & Milner (1939)

{3-fructofuranosidase
Phosphatase
Cyto~hrome

Activity decreased

oxidase

El-Fouly

& Jung (1970)

El-Fouly

& Jung (1970)

Nir, Poljakoff-Mayber,
& Klein (1970)

Catalase

El-Fouly & Jung (1970)
Golovina (1939)
Yarosh (1959)

Peroxidase

El-Fouly & Jung (1970)
Stutte & Todd (1969)

Nitrate reductase

Golovina (1939)

Ribonuclease

Dove (1967)

Polyphenol and ascorbic
acid oxidase

Zholkevich (1958)
Yarosh (19 59)

Glucose-6-P-dehydrogenase

Porath & PoljakoffMayber (19 64)

IAA oxidase

Darbyshire

Amylase

Popova (1938)

Phosphatase

Todd & Yoo (1964)

Peroxidase

Todd & Yoo (1964)
El-Fouly & Jung (1970)

(1971)
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Table 3.

Continued

Influence of
Increased Stress

Activity decreased

Enzyme

Reference

Nitrate reductase

Huffaker, et al. (1970)
Younis, et al. (1970)
Mattas & Pauli (1965)
Bardzik, Marsh, &
Havis (1971)

PEP-carboxylase

Huffaker,

Saccharaae,

Todd & Yoo (1964)

Peptidase

L-phenylalanine
lyase

Unchanged activity

ammonia-

et al. (1970)

Bardzik, Marsh &
Havis (1971)

Ma.lie dehydrogenase

Porth and PoljakoffMayber (1964)

Catalase

Popova (1938)

Phosphoribulokinase

Huffaker,

et al. (1970)

Bibulose-1, 5-diphosphocarboxylase

Huffaker,

et al. (1970)

NADH oxidase

Bardzik, Marsh &
Havis (1971)
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were the analytical

methods for enzyme activity?

will help, but some of the contradicting
cussion section of this dissertation

results

Consideration

of these points

are still not clarified.

The dis-

will attempt to further clarify those apparent

contradictions.

Succinic Dehydrogenase

General background
Succinic dehydrogenase

was discovered

by Thunberg (1909) while he was

making a survey of the compounds that would undergo dehydrogenation
preparations

using methylene blue as an electron

dehydrogenase
high activity,

acceptor.

seemed to be present in many preparations,
early scientists

recognized

by cell

Because succinic
and because it had

that it might be an important

enzyme in

general metabolism.
A great deal of information
after Thunberg's

discovery.

At first,

concerning

dehydrogenases

only animal tissues

long time there was little evidence that dehydrogenases
Thunberg (1929) finally reported
seeds,

malic and citric

began to collect

were used.

For a

even existed in plants.

dehydrogenase

but it was not until 1939 that succinic dehydrogenase

in cucumber

was found in plants.

first in pollen by Okunuki (1939a and 1939b) and then in certain other plant parts
(Damodaran and Venkatesan,

1941; Das and Sen Gupta, 1941; Goddard,

1944).

Because succinic dehydrogenase

at first appeard to be absent or nearly absent

in quite a few t:issues (Bartlett,

1943; Berger and Avery,

Wildman,

1946; Goddard,

1944; Thunberg,

1943; Bonner and

1938) it was thought that

26

dehydrogenases

were only occasionally

present

Krebs (1943) proposed the tricarboxylic
genases,

About this period,

acid cycle, which cont.a.ins many dehydro-

and which has gradually become accepted as the main pathway of

respiration

in animal tissues.

general operation
Bonner,

in plants.

Respiration

in plants (Albaum and Eichel,

1948; Millerd,

study the main features

of the electron

system.

It was established

in animal tissues was linked to

oxidase and other enzymes.

multienzyme

o2

This chain was

system whose overall activity depended

of each component and the integrity

of the link between these

The entire chain of enzymes was named "succinic oxidase" while

the term "succinic dehydrogenase"
which accepts electrons

was retained

for the primary

from succinat.e (Singer and Kearney,

Succinic dehydrogenase
1. 3. 99. 1 and the systematic
The reaction

transport

to fumarate

c, cytochrome

found to act as an organized

components.

1951).

(1938, 1940, 1947, 1949, 1955) meanwhile began to

that the oxidation of succinate

on the integrity

1943; Bhagvat and Hill, 1951;

1951; Price and Thimann,

Keilin and Hartree

via cytochrome

studies in plants began to point to its

1957).

has the Enzyme Commission

name of Succinate:

(acceptor)

dehydrogenase

number of

oxido-reductase.

catalyzed by this enzyme is:
FAD

FADH2

~

Succinic acid
Succinic dehydrogenase

has a molecular

weight of 97,

ooo±5%.

It

contains 1 mole of covalently bound flavin, 7-8 g-atoms of iron, and 7-8 moles

27
of acid labile sulfide per 97,000 grams of protein.
two "subunits".
70,

One subunit is a flavoproteifi

ooo:t7% and

fur protein with a molecular

weight of 27,

Succinic dehydrogenase
PMS

= 100-110

.
involved are:

K

µ moles

x min

-1

x mg

·the last dicarboxylic

-1

of protein.

brane of mitochondria
Hollocher,

The Michaelis· constants
et al.,

1971).

of an allosteric

and furnurate,

and is competi-

of oxaloacetate .. An accumulation

of •

acid of the Krebs Cycle, thus inhibits its own
a much more potent competitive

than is malonate,

Succinic dehydrogenase

(Lehninger,

the classical

in-

inhibitor

is found on the inner mem-

1970).

You, and Conj~lka (1970), based mainly upon studies of

kinetic isotope effects,
scheme for the reaction
succinate

1971).

at

~=O. 48 mM (Hanstein,

succinate,

Oxe.loacetateis

hibitor of succinic dehydrogenase
studied with this enzyme.

and Hatefi,

has some of the properties

tively inhibited by very low concentrations

formation from succinate.

The other subunit is an iron-sul-

ooo±5% (Davis

succinate ,.._,
PMS
=
O. 3 mM; K
m
m

It is activated by phosphate,

oxaloacetate,

weight of

reduces phenazine methosulfate

Succinic dehydrogenase
enzyme.

with the molecular

contains iron and labile sulfide in the ratio of 4 g-atoms iron

and 4 moles labile sulfide per mole of flavin.

V max

The enzyme is composed of

proposed the following as at least a minimal reaction
involving succinic dehydrogenase.

+ enzyme

kl

k2

> succinate-enzyme

).

6

k_ 2

k_ 1

fumarate-reduced
fumarate-reduced

enzyme

+ oxidant

k3

fumarate-enzyme

enzyme
)
+ reduced oxidant

28

fumarate-enzyme

k4

~

fumarate

+ enzyme

k_4

They also stated that the ability of compounds that are dissimilar
structure,

such as phenazine methosulfate

ing site for oxidants.

Therefore,

usually used.

in this paper,

phenazine methosulfate

the oxidant.

The reduced oxidant was then re-oxidized

indophenal..

The oxidant occurring

It may be ubiquinone,

molecular

in

.Y!.Y2
is still

by controversy.

transport

system.

Methosulfate)

has a

weight of 306. 34 and an oxidatio11.,:.reduction potential at 30 C and

a pH of 7 of +o. 080 volts.

It has the following structure:

o:;o
Sodium 2, 6-dichlorophenolindophenol
(e_-hydroxyphenyl)-E_-benzoquinone

imine]

e

[sodium 2, 6-dichloro-Nhas a molecular

weight of 290. 09

Cl

and the structure:
0

(Stecher,

surrounded

(N-Methylphenazonium

was used as

by 2,6-dichlorophenol-

followed by the rest of the electron

Phenazine methosulfate

has a specific bind-

the reaction with oxidant is probably second

order in the range of concentrations
In the experiments

to serve as oxi-

and ferricyanide,

dants makes it unlikely that soluble succinic dehydrogenase

in

Paul G., 1968),

N~

ONa

29

METHODS OF PROCEDURE

The Effects of Several Solutes on Cauliflower Enzyme Activity

Chilled heads of cauliflower
local markets

were carried

temperature

oleracea

var. botrytis,

were washed with distilled water, broken into sections,

t.op 4 to 5 mm of the immature
operations

(Brassica

inflorescence

were removed.

L. ) from
and the

All subsequent

out between O C and 4 C in ice baths or a controlled

room of the same temperature.

stem tissue were sliced into small pieces,
solution consisting of 0. 6 M sucrose,

One hundred grams of the cooled
suspended in 120 ml of a cold (0-4 C)

0. 05 M tris buffer pH 7, and O. 005 M

• EDTA, and homogenized in a Waring blender for 1 minute in 15 second intervals
with a 15 second cooling period between stirrings.
filtered through four layers of cheesecloth.
Sorvall,

superspeed,

RC-2, automatic,

The homogenate was then

The filtrate was centrifuged

refrigerated

in a

centrifuge at 3000 x g for

2'5 minutes (Wedding and Black, 1962).
An acetone powder of mitochondria
of Hiatt (1961).
the centrifuge

was then made using the procedure

The sediment from the proceding centrifugation

tube with cold acetone (-20 C) and transferred

was mixed in

immediately

to a

Waring blender containing 200 ml of cold acetone and blended for 30 seconds.
The suspension was filtered through No. 1. Whatman filter paper in a small
Buclmer funnel.

The filter cake was transferred

200 ml of cold acetone,

to a Waring blender containing

blended for 30 seconds and again filtered.
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The residual acetone was removed from the acetone powder by evacuation for 2 hours at O to 4 C.

The acetone powder was then stored at -20 C until

needed in an evacuated flask containing anhydrous calcium chloride.
The succinic dehydrogenase
(1961) modifications

of Ells' (1959) procedures.

succinic dehydrogenase
methosulfate

activity was measured by using Hiatt's
This method for the assay of

activity is based on the observation

will couple electron transfer

and 2, 6-dichloro_phenolindophenol

that phenazine

between reduced pyridine nucleotides

as illustrated.

succinic dehydrogenase
Succinate

Fumarate
FAD~ADH

2

PMS~PMS
(reduced)
Na-2, 6-DCPI~Na-2,

6-DCPIP
(reduced)

The addition of phenazine methosulfate
succinate,

dichlorophenolindophenol,

(decreases in OD
at 600 nm)

(PMS) to a system containing

and soluble succinic dehydrogenase

a rapid reduction of the indophenol dye, the rate being proportional

causes

to the amount

of enzyme added and its activity.
The enzyme extract was J?repared by making a 2% suspension of acetone
powder in 0. 06 M tris buffer (pH 7. 6) which was stirred
ically for 30 minutes in an ice bath.

with a glass rod period-

The suspension was then centrifuged at

25,000 x g for 30 minutes.
The experimental
volume of 3 ml: 5 x 10

cuvette contained the following constituents
-2

M potassium

phosphate buffer,

in a final

pH 7. 4; 4 x 10

-2

M
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sodium. succinate;

-2
5
1 x 10 M KCN; 3 x 10- M sodium 2, 6-dichlorophenolindo-

phenol (DCPIP); 0. 3 mg per ml phenazine methosulfate
extract,

(PMS) and O. 5 ml enzyme

which gave an optical density change of O. 02 to O. 04 per 30 seconds.
The rate of reduction of DCPIP at room temperature

600 nm with a Beckman DB spectrophotometer.
was measured

The decrease

was measured

at"

in optical density

during the interval between 15 and 45 seconds after initiating the

reaction by adding PMS.
The osmotic potential of the cuvette contents was measured
Mechrolab vapor pressure
was determined
ard.

osmometer.

using a

Protein content of the enzyme extract

using the method of Lowry, et al. (1951) with casein as a stand-

Enzyme activity was expressed

as the change in optical density per minute

per mg protein.
The osmotic potential within the reaction cuvette was altered by adding
various concentrations

of solutes.

in the cuvette (Perkin-Elmer

The solutes added gave 3 ml concentrations

30-310 Pyrex) of: 0. OlM, 0. 05M, O. lOM, O. 25M,

O. 50M, L OM, 2. OM, and an unknown molarity made up from a saturated
solution.

KCl and NaCl were run in the above concentrations.

erol were measured

stock

Sucrose and glyc-

up to 2. 0 Molar; rnannitol and glucose to 0. 5 Molar, and

Hoagland's Solution at one-half and full strenglh.
Three separate

cuvette reactions

tion, the sequence of treatments

were followed at each solute concentra-

selected by random numbers,

to eliminate bias.
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The Effects of NaCl and Sucrose Concentrations

on

The Enzyme Activity of Several Species

The plants studied in this section were Cauliflower
var. botrytis,

L.), Sunflower (Helianthus annuus,

(M. Bieb) C. A. Mey. , Samphire
(Bet.a vulgaris,

L. ).

(Salicornia

L.),

rubra,

(Brassica

oleracea

Halogeton glomeratus

A. Nels.),

and Sugarbeet

The following plants were also investigated,

but for reasons

that will be mentioned in another section,

acetone powders of the plants could not

be used:

Nutt. subsp. Rothrocki,

H. & C.

Sagebrush

[Artemisia

J, . Rabbitbrush

tridentata

[ Chrysothamnus

H & C.] , Spinach (Spinacia oleracea,
Cabbage (Brassica

oleracea,

Cauliflower,
local markets.

cabbage,

nauseosus

L.),

L. ).
lettuce,

and spinach were obtained fresh from

7 miles west of Snowville,
Salicornia

Halogeton plants were collected

Utah on Highway 30 South on •

plants were collected July 26, 1971 from the

9 miles west of Interstate-15

(west of Brigham City, Utah) on the road

to the Thiokol Chemical Company (Utah 83).
several

(Nutt.)

Sunflower plants were used from among plants growing in a

September 7, 1971.
roadside

subsp. speciosis

Lettuce (Lactuca sa tiva, L. ) , and

vacant lot in Logan, Utah on October 6, 1971.
from roadsides

(A. Gray)

Sugar beets were collected from

fields around Logan, Utah on August 19, 1971.

brush were collected on the east side of the reservoir
Canyon, just east of Logan, Utah.
1971 and the rabbitbrush

The sagebrush

on August 30, 1971.

Sagebrush and rabbitat the mouth of Logan

was collected on August 16,
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Leaf material
Salicornia.
material

was analyzed in all the plants except cauliflower

Inflorescenceandstem

material

was used in cauliflower.

was used in the case of Salicornia.

Fifty grams of fresh leaves

were put in a Waring blender with 100 ml of cold 0. 05 M tris-KCl

(Porra and Lascelles,

-2

10 M potassium
2. 44 x 10

pH 7. 8,

An acetone powder was prepared.

cuvette contained the following constituents:

phosphate buffer,

~

M EDTA; 8. 33 x 10

phenolindophenol;

buffer,

0. 01 M KCl, O. 01 M MgC1 , 4 mM 2-mercaptoethanol
2

1968).

The experimental

Stem

The leaves or other plant parts

were washed in distilled water and then blotted dry.

containing 0. 4 M sucrose,

and

pH 7. 4: 3. 34 x 10
~

M KCN; 2. 5 x 10

-2

4. 16 x

M sodium succinate;

~

M sodium 2, 6-dichloro-

0. 25 mg per ml phenazine methosulfate

and enough enzyme

extract

to give an optical density change of 0. 02 to 0. 04 per 30 seconds (Hiatt,

1961).

This required

0. 5 ml of a 4% enzyme extract

of acetone powder in 0. 06

M tris buffer (pH 7. 6) in the case of Halogeton and Salicornia,
extract

for the other plants.
Succinic dehydrogenase

rnscribed
sucrose

NaCl and sucrose

activity was measured

concentrations.

rubra:

{b) 0. 05M NaCl plus 0. 25M sucrose,

and (d) 2. OM NaCl plus 0. 25M sucrose.

tions used in the experimental

using the previously

The following combinations

and NaCl were tested using Salicornia

0. lM sucrose,
sucrose

and a 2% enzyme

(a)

o. 05M NaCl

plus

(c) 2. OM NaCl plus 0. IM

Actual volumes of stock solu-

cuvette were 0. 1 ml sodium succinate,

KCN, 0. 5 ml EDTA, O. 5 ml enzyme extract,

of

O. 1 ml

0.1 ml sodium 2,6-0CPIP,
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0. 2 ml PMS.
sucrose

Two milliliters

were left for the addition of various NaCl and

solutions.

The Effects of Water Stress on Enzyme Activity

Sunflower plants were used in this study of water stress.

Ext:r:a-large

cans were planted with six sunflower seeds per can on December 6, 1971.
were given additional light in the greenhouse
per day.

Greenhouse temperatures

cans of well-watered

so that they had 12 hours of light

were about 20 C.

February

16, 1972, 15

sunflower plants (about four plants per can) were put into

a Sherer controlled environment
(Sherer-Gillett

They

Co. Marshall,

laboratory

Michigan).

(growth chamber) -Model CEL 37-14
The growth chamber had been stabil-

ized at 40 C.
Seven cans of plants were kept well-watered

by checking every two hours

from 7:30 AM to 10:00 PM each day and adding water whenever the soil began to
dry on the surface.

Eight cans of plants were allowed to wilt.

Each time the

plants wilted, they were removed from the growth chamber and about 75 ml of
water were added to each can.
covered,

they were returned

Two hours later,

after the wilted plants had re-

to the growth chamber.

The water stress

was followed for about 5 days, giving eight wilting cycles.
S-:20AM, approximately

procedure

On the sixth day at

one leaf from the central stem area was removed from

each can of wilted plants and this group of 10 leaves was weighed for fresh
weight.

The same procedure

was followed for the well-watered

plants.

The

leaves were then dried for 4 days in a drying r?om oven and then re-weighed
a dry weight measurement.

for
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All the remaining leaves (except the yellow lower leaves and the t.op
2 inches of leaves) were removed,
treatment.

weighed, and divided into three lots for each

Three different acetone powders were made for each of the two

treatments.
The three acetone powders of the plants with the wilting cycles were
processed

in the morning and the three from the well-watered

processed

in the afternoon.

plants were

Acetone powders were also made from plants that were kept wellwatered but in the greenhouse instead of in the growth chamber.
'

.
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RESULTS

Some Effects of Several Solutes on Cauliflower Succinic
Dehydrogenase

The solutes investigated
mannitol,

glucose, sucrose,

in this section were NaCl, KCl, glycerol,

and two strengths

Hoaglund's solution presented
of precipitate

formation.

At first,

Activity

of Hoagland's solution.

difficulties

in the reaction cuvette because

this was believed to be a result of-the

phosphate buffer, but with tris buffer,

Hoagland's solution concentrations

full strength also resulted in the formation of precipitates.
were therefore

above

The experiments

limited to one-half and full strength Hoagland's solution.

Full

strength solution reduced enzyme activity to 81% that of one-half strength solution (Table 4).
The lowest NaCl concentration,
change in optical density of 0. 092/min.

O. OlM (

1r :a:

-4. 3),. caused an average

pei: mg. protein.

This activity rose with

further NaCl additions until a change in optical density of 0. 111/min. per mg
protein was reached at -8. 2 bars (Tables 4, 5, and Figure 1).
Additional NaCl resulted in decreased
of the activity at an

1r

activity.

of -4. 3 bars was found at an

,r

A value that was 39%
of -172. 8 (Table 4).

The effects of altering KCl on succinic dehydrogenase

activity were al-

most identical with those found with NaCl, although slightly lower (Figure 1).
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Table 4.

The effects of various solute concentrations on the activity of succinic
dehydrogenase from cauliflower as a percent of the control activity

'Ir*

&'cl*

- 4.3

100***

-

6.0

-

Mannitol

KCl

NaCl

Glucose

7r

A%

71'

.6. %

7r

A%

-

4.0

100

- 3.4

100

- 3.4

100

107+ 5. O:t"'**

-

5.6

104+ 4.0

- 4.5

100::t, 7.2

- 4.6

105+16.7

8.2

123+13.7

-

8. 1

108+ 4.0

- 5.5

107:!:_8. 9 - 5.8

123:!:_5. 8

- 14.8

108+ 7.9

- 14. 0

100+ 0.0

- 9.3

115+ 6. 9 -10.3

137±_ 7. 8

- 26.8

97+ 2.7

- 25.7

89:!:_1. 7

- 46.8

69+ 8.7

- 47.6

69+ 3.5

- 96.0

57+ 2.0

- 97.6

50+ 0. 0

-172. 8

39:t, 3. 0

-129.2

46:!:.4.0

Glycerol

Sucrose
1T

Hoagland' s Solution
t::,.

1T

%

- 3.8

100

- 3.4

- 4. 6

113±, 2. 4

- 4.6

96+ 8.3

- 5.8

130+ 3.8

- 5. 2

89:!:_5. 6

- 9.9

166+ 8.5

- 8.4

89:!:. 6.7

-16.0

205+ 5.7

-13.8

73:!:, 2. 6

-30.4

337:!:_32.0

-26.6

39,:!:_3. 8

-55.2

400:!:_34.2

-49. 2

19±, 4. 4

*

1r

is the reaction

100

****Standard error

71'

-3.7
-4. 0

.6.

%

100
81+ 1. 2

cuvette osmotic potential (atm.)
of the activity at 0. 01 M.

.6.% is the enzY.me activity as a percent
***See Table 5 for actual .6.0D values.

**

-15. 8 116+12. 4

using three measurements
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Tab.le 5.

The effect
of increasing
solute concentrations
genase activity from caulifl wer

Molarity

;,.

NaCl
.6.OD·•

4.3

0. 092

-

71"

0.01

on succinic

dehydro-

Sucrose

Mannitol

KCl

.6.OD

.6.OD

.6.OD

71"

4.0

0. 129

- 3. 4

0. 097

- 3.4

0. 139

71"

71"

0.05

-

6.0

0. 098

-

5.6

0. 134

- -!:.5

0. 100

- 4.6

0. 162

0. 10

-

8. 2

0. 111

-

8. 1

0. 140

- 5. 5

0. 103

- 5.8

0. 182

0.25

- 14.8

0. 098

- 14.0

0. 129

- 9. 3

0.110

-10.3

0.231

0.50

- 26.8

0. 089

- 25.7

0. 115

-15.8

0. 111

-17.8

0. 284

LO

- 46.8

0. 062

- 47.6

0. 089

-36.6

0.468

2.0

- 96. 0

0. 052

- 97. 6

0. 065

-59.2

0. 557

Satur.

-172. 8

0. 036

-129. 2

0. 059

Glucose
~olarity
0.01

Glucerol

_____ rr -------~9-~----n_ -----~(2~-----------------------------0. 125
- 3.8
0. 099
- 3.4

0.05

- 4.6

0. 105

- 4.6

0. 119

0.10

- 5.8

0. 120

- 5. 2

0. 112

0.25

- 9.9

0. 136

- 8.4

0. 110

0.50

-16.0

-13.8

0. 091

1.0

-30.4

-26.6

0.048

2.0

-55.2

-49. 2

0.023

*1r is the actual osmotic
potential (in atm.) found in reaction
**.6.OD is the a erage of the three measurements
of changes
x min -l x mg protein-1.

cuvette.
in optical

density

140

Brassica

oleracea

var. botrytis

-120

b

Mannitol

~ 100
r-1

0
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Figure

-20

1.

-40

The effects

-60

of several

-80
-120
-140
-100
-160
Reaction cuvette osmotic potential (bars)

solutes on cauliflower

enzyme activity.

-180

40
All additions
and Figure
7f

of glycerol

1 show an activity

== -49. 2.

led to a decrease

of 96% at an

There was no stimulation

in enzyme activity.

== -4. 6 and an activity

1r

at low concentrations,

Table 4

of 19% at an

as were found with

NaCl and KCI.
Mannitol caused increases

in the reaction

116% at an rr of -15. 8 {Figure 1 and Table 4).
between an 1r of -9. 3 and -15. 8.
higher manmtol
crease

concentrations

or decrease

so it is impossible

the reacti

1r

==-3. 4; 137% at an

Mo.Jar appeared
contents

to reduce

became

mcreases

be explained

creases

when activity

enzyme activity

(100% at

so that the cuvette

action of a reducing

in sucrose

resulted

up to the maximum

as with sodium and potassium

The scale of Figure

salts and is insufficient

concentration

concentration,

sugar on the dye.
1 was

to show the great

used.

was 400% of the control

the highest sucrose

at

Glucose levels in the cuvette above 0. 25

are listed in Table 5.

changes in mineral

in enzyme activity

in increased

by the direct

found wnh the two sugars
lncreases

measurements

with time and without the addition of enzyme extract.

The actual enzyme activities
chosen to illustrate

to level off

to say whether these would in-

the dyes used in the assay procedure

colorless

This can probably

prevented

being

n rate,

=- -10. 3).

1r

the maximum

The activity appeared

Limited solubility

Higher levels of glucose resulted
an

rate,

in nearly

concentration

used (

(Tables 4, 5, and Figures

there was no evidence

chloride.

proportional
1r

1, 3).

in-

==-55. 2),

Even with

of enzyme inhibition,

Effect of NaCl Concentrations

on the Succinic

of Several

The species
sugarbeet,

examined

sagebrush,

encountered
discussed

with sagebrush,
first,

Sagebrush

for other leaves.
Waring blender

lettuce,

lettuce,

:-equired

Enzyme extracts

cabbage,

Difficulties

and spinach will be

using the sama methods

used

the addition of twice the fluid in the

powder and tested,

from rabbitbrush,
dehydrogenase

Ha_ogeton, Salicornia,

and cabba~e.

to have the same consistency.

was made up from the acetone

were tested for succinic

sunflower,

leaves were prepared

The sagebrush
in order

spinach,

rabbitbrush,

Activity

Species

were cauliflower,

rabbitbrush,

Dehydroger.ase

there was no Enzyme activity.

lettuce,

activity,

When the enzyme extract

and several

types of spinach

but the activity found was very

low or absent.
Cabbage seemed
powder,

to be unusually

the cabbage plant material

variations

in an attempt

In forming an acetone

held on to water and formed a gum on the

filter paper that could not be removed.
several

hygroscopic.

The procedures

to remedy

the problem,

were repeated
but efforts

with

were un-

successful.
Small. increases
cauliflower

enzyme extract

low about -6 atmospheres
additional

NaCl.

in NaCl concentration
(Figure
osmotic

2) resulted
potential,

in the reaction
in increased

cuvette containing

enzyme activity.

the enzyme activity

decreased

Bewith

NaCl
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Sunflower showed a slight rise in activity when NaCl was increased
to about -8 atmospheres.

Additional NaCl resulted in reduced enzyme activity.

The curve was not as steep as that found with cauliflower.
The two halophytes,
to the other three plants.

Halogeton and Salicornia,

were similar in response

Salicornia showed the sharpest

rise in activity at high

(close to 0) osmotic potentials of the five plants (Table 6 and Figure 2).
It appears that low concentrations
crease in succinic dehydrogenase
Further NaCl additions,

of NaCl generally result in an in-

activity in both halophytes and non-halophytes.

however, lead to decreased

enzyme activity in the five

plants mentioned.

Effect of Sucrose Concentrations

on the Succinic Dehydrogenase Activity

of Several Plants

Cauliflower,
preparations

sunflower,

Halogeton, Salicornia,

were also used to study the effect of increasing

tions (Figure 3 and Table 10, Appendix).
rapidly with increasing
increases

and sugarbeet

(c) Halogeton--553%,

with the following maximum

(a) cauliflower--661%,

(d) Salicornia--867%,

sucrose concentra-

The change in optical density increased

sucrose concentrations,

in enzyme activity:

enzyme

(b) sunflower--797%,

and (e) sugarbeet--536%

(Tables

10 and 11, Appendix).
Sunflower and Salicornia seemed to show increased
genase activity faster than the other three plants.
to differ significantly

succinic dehydro-

The five plants do not appear

in their succinic dehydrogenase

activity at the osmotic
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Table 60 The effects of various NaCl concentrations
dehydrogenase
from five plants

on the activity

of succinic

Cuvette
Osmotic
Potential
(atm.)

Cauliflower

Sunflower

-

4. 1

100·

100

100

100

100

-

5. 7

110+100 2

106+ 8.5

104+ 9. 3

148+ 5.5

102+11. 3

-

7.5

104+ 4.8

106+10.5

101+ 1. 3

105+ 2.7

99+15.7

103+ 7. 6

104+ 5.8

98+ 5.0

93+ 4.3

94+10.6

- 13.5

Succimc_gehydrogenase

activity

(% of 0. 01 M activity)

Halogeton

Salicornia

Sugarbeet

- 23.6

83

6.7

103+ 2.7

95+ 7.2

87+ 5.7

81+ 5.5

- 44. 1

69+ 5.0

96+ 5.8

79+ 4. 1

79+ 2.0

66+ 6.9

- 83.7

50+ 3., 5

79+ 7.0

53+ 4. 4

71+ 3. 1

54+ 3.5

-142.6

36

73+23.8

57+ 2. 0

38+ 1. 3

39+10.4

4. 0

""See Table 9 (Appendix)

for actual

60D

values.

/
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potentials

used and there is no evidence that halophytes

are affected differ-

ently than non-halophytes.
Results of NaCl - sucrose combinations using Salicornia rubra acetone
powders (Table 7) indicate that the tendency of sucrose to increase
is lowered in direct proportion

to the concentration

activity with NaCl is increased

in proportion

enzyme activity

of NaCl added.

to the concentration

The lowered

of sucrose

added.

Water Stress and Succinic Dehydrogenase

Activity

Sunflower plants grown in the greenhouse at winter temperatures
20 C) and kept well watered but not transferred

to a 40 C growth chamber had

the highest leaf water content of the three treatments
content were plants given the 40 C treatment

(about

measured.

Next in water

but kept well watered.

Last were

the plants with the eight wilting cycles (Table 8).
Enzyme extracts

from continuously irrigated

greenhouse-grown

flowers had an average change in optical density per minute per milligram
tein of 0. 030±_0. 003J while mid-summer

irrigated

Enzyme extracts

from greenhouse-grown

protein of 0. 032+

sunflowers that were trans-

ferred to a 40 C growth chamber for one week with no soil moisture
change in optical density of 0. 0392:_
O. 005.
optical density change of 0. 040

±.0. 007

pro-

field-grown sunflowers bad an

average change in optical density per minute per milligram
0. 008.

sun-

stress

had a

Those with eight wilt cycles had an

(see Table 8).
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Table 7. Effects of NaCl-sucrose
activity from Salicornia
NaCl
Cone. (M:)

Sucrose.
Cone. (M)

combinations
rubra

on succinic dehydrogenase

Av. 6.. OD/min/mg

Protein

Percent of
. Control

100

0

0

0. 0167

0.05

0

0. 0119

71.3

2.0

0

0.0095

56.9

0

o. 1

0.0238

142.4

0

0.25

0.0333

199. 5

0.05

0. 1

0. 0198

118.7

0.05

0.25

0.0294

176.0

2.0

0. 1

0. 0151

90. 5

2.0

0.25

0.0270

161. 5
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Table 8.

Some effects of water stress on succinic dehydrogenase activity
from sunflower (Helianthus annuus). Osmotic potential was -4. 8
to -4. 9 bars

Treatment

Number of
Measurements

40 C Growth
Chamber
8 wilt cycles

Percent Water
in Leaves

Average AOD x min- 1
x mg Protein-1

9

81. 65

0. 040

9

83.8

0. 039

.±..007*
.±..005

Field Sunflowers

3

turgid

o.032

+. 008

Greenhouse Grown
Sunflowers (no
wilt cycles)

9

84.65

0. 030 +. 003

No wilt cycles

*5% level of probability

Results of these experiments
stress

do not give any evidence that moisture

produced by wilting cycles has any permanent

of succinic dehydrogenase.

The warmer,

may have had some influence in increasing
plants given the 40 C treatment.

influence on the activity

40 C, growth chamber environment
the enzyme activity in extracts

from
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DISCUSSION

Thb research
metabolism

Three maJor areas

of increasing

on succrn1c dehydrogenase

from halophytic
dehydrogenase

activity

concentration

solutes

Measure
activity

concentrations

were outlined:

f various

and n Jn -ha lophytic species,

in those three areas

species

(B

the changes in respiratory

at various

of research

concentrations

genase activ1ty from caullflower,
chemicals

to help clarify

that are brought about by solutes

water stress
influence

was undertaken

of mitochondria
and (C) Measure

of plants grown under water stress

was expected

to answer

one of water potential

or groups of plants different

or of the solute species?,

the

dehydro-

of some of the above
acetone powder
the succinic

conditions.

these questions:

in their sensitivity

(A) Measure

on succinic

the influence

or by

1

Research

Is the effect of

and (2) Are

to osmotic potential

or

solute?

ln Vitro Effects of Solutes on the Activity of
Succinic

Low concentrations

Dehydrogenase

of NaCl or KCl resulted

but higher levels of the salts resulted
sucrose

or glucose

concentrations

resulted

of Cauliflower

in decreased

in increased

led to first an increase

in increased

enzyme activity,

activity.

Increased

sugars

enzyme activity.

Increased

mannitol

in activity

and then a leveling off of
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activity as concentrations

approached

Hoagland's solution resulted
The results

0. 5 Molar.

in decreased

Increased

glycerol or

enzyme activity.

from these experiµ1ents

with various solutes indicate that

changes in enzyme activity occur with changes in osmotic potential.

However,

equal osmotic potentials

may produce opposite effects on enzyme activity depend-

ing on the solute species

(e.g. sucrose

species and its concentration

versus NaCl).

appear to be responsible

Therefore,

the solute

for the observed

changes

in enzyme activity.
I

The effects of sucrose
support the research
Banerjee,

on enzyme activity presented

of the following authors:

in this dissertation

Dalgarno and Birt (1962); Das,

and Roy (1962); and Millerd (1953).
The effects of NaCl and KC! on enzyme activity presented

the research

of the following authors:

here support

Atsmon and Th.vis (1967); Christiansen

(1968); Dianzani (1953); Flowers and Hanson (1969); Greenway and Osmond (1972);
Hasson-Porath

and Poljakoff-Mayber

Honda and Muenster
and Poljakoff-Mayber

(1969 and 1971); Hiatt and Evans (1960);

(1961); Millerd (1953); Osmond and Greenway (1972); Porath
(1968); Riley (1950); Slater and Cleland (1953); and Weimberg

(1967).
Why should glycerol reduce enzyme activity while mannitol does not?

Perhaps

size is important.

atoms as glycerol.

Mannitol would have twice the number of carbon

Size may affect mobility.

number of hydroxyl groups.

There is a difference

in the

This might affect the polarity and soh~bility.

other organic compound has been found to lower enzyme activity.

Increases

Anin
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polyethylene glycol 1540 were found by Greenway,
to result in decreased

Hiller, and Flowers (1968)

respiration.

Other Plant Species

Sucrose and NaCl were selected as representatives
used in the previous section.

The effects of various concentrations

compounds on the succinic dehydrogenase
studied.

It appears that succinic dehydrogenase

does not differ significantly

in its sensitivity

The two halophytes,
very similar

to sucrose and NaCl as caulifrom these species of plants

t.o osmotic potential or solute.

Halo get.on and Salicornia,

to the non-halophytic

of these two

activity of five species of plants were

The five plants showed the same reactions

flower did.

of the compounds

plants used.

showed enzyme activity

This seems t.o suggest that

enzymes in halophytic plants are somehow protected from the harmful effects of
the high salt concentrations
Osmond (197 2) proposed,

found in the plant.

Perhaps,

as Greenway and

the cell may regulate the ionic environment of the

cytoplasm so that enzymes are not normally exposed to high salt levels.
Solutes that reduce enzyme activity (KCl, NaCl, Hoagland's solution,
and glycerol in this research)
or structure

may tend to become located within a compartment

such as a vacuole, where they are kept isolated from sites of

enzyme activity.

The water potential of the cytoplasm could then be brought into

• , balance with the water potential of the vacuole with compounds that have little
effect on enzyme activity or those that tend to increase
glucose, and mannit.ol in this research).

activity (sucrose,

Perhaps there is an interaction

between
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sucrose and the salts in the cell so that there is no reduction in enzyme activity.
The data in Table 7 strongly support this idea.
of carbohydrate
properties

Glucose may not be a good form

to be found in high quantities throughout the plant because of its

as a reducing sugar.

Sucrose is the main carbohydrate

It may lead to unwanted reductions

of enzymes.

found in the phloem and other plant parts,

whereas free glucose !:1,ndfree fructose are not found in high quantities in plants.
There is also the possibility

that inorganic ion interactions

with enzymes

are an artifact of isolated mitochondria

or isolated protein in aqueous solutions.

This would mean that the organization

of the cytoplasm is such that enzymes do

not respond to solutes in vivo as they do in vitro.

Water Stress

Results of these experiments
stress

do not give any evidence that moisture

produced by repeated wilting has any permanent influence on the activity

of succinic dehydrogenase.

The warmer,

40 C, growth chamber environment

may have had some influence in increasing

the enzyme activity in extracts

from

plants given the 40 C treatment.
Water stress
researchers
research

effects on enzyme activity have been measured by other

with at least 21 enzymes.

that used water stress

succinic dehydrogenase
ducing water stress
this area.

activity.

The writer was unable to locate any

experiments

combined with measurements

of

Such varied methods have been used for pro-

that it is difficult to compare the results of experiments

in
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SUMMARY

The influence
succinic

of concentration

dehydrogenases

from acetone powders

spectrophotometrically.
botrytis,

L.),

L.),

Halogeton glomeratus
A. Nels.).

glycerol,

solutes

sugarbeet

(Beta vulgaris,

(M, Bieb) C.A.

Sodium chloride,

glucose,

and Hoagland's

Increasingly

negative

species

Cauliflower
L.),

Mey.,

potassium
solution,

on the activity

of several

The plants used were:

var.

rubra,

of several

sunflower

was studied

(Brassica

annuus,

(Salicornia

mannitol,

at increasing

oleracea

(Helianthus

and Samphire

chloride,

of

suc:rose,

concentrations,

were

used.

potassium

chloride,

enzyme activity
in activity

increased

and Hoagland's

potential

at low solute concentrations

Increasing

concentration

succinic

dehydrogenase

Increasing

concentration

activity,

-9. 3 and -15. 8.
concentrations,

rate.

1r

in

= -5 to -10 bars) but decreases

(to about -130 bars).
resulted

in greatly

activity.
of mannitol

resulted

appeared

prevented

so that it is impossible

the reaction

(

by sodium chloride,

in a slight increase

of glucose and sucrose

but the activity

Limited solubility

produced

solution resulted

at higher solute concentrations

dehydrogenase

decrease

osmotic

in increased

succinic

to level off between an

measurements

to say whether

1r

of

at higher mannitol

these would increase

or
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Increasing
decreased

enzyme
Increased

plants,

dehydrogenase

water stress,

reaction

to various

in the reaction

in succinic
potential

by repeated
dehydrogenase

cuvette

resulted

led to almost

opposite

potentials
results.

in

solutes

potentials

dehydrogenase

activity

in sunflower

activity.

produced
Instead,

in succinic

by sodium

the species

of

seem to be more import..ant.

(Halogeton and Salincornia)

at the osmotic

wilting,

is not the cause of variations

since equal osmotic

solute and its concentration
Halophytes

produced

that osmotic

activity,

or sucrose

of glycerol

activity.

did not cause changes
It appears

chloride

concentration

had about the same activity

as the other plants that were tested.

used,

there were no significant

among the five species.

It appears

differences

and
that

in succinic
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APPENDIX

Table 9.

The effects of increasing

NaCl concentrations

NaCl
Molarity

on succinic dehydrogenase

Average Change in OD

Osmotic
Potential (atm.)

X

min

-1

activity

x mg Protein -1

Cauliflower

Sunflower

Ha1ogeton

Salicornia

Sugarbeet

0.01

-4. 1

0. 060

0.033

0. 062

0. 033

0. 052

0.05

-5.7

0.066

0.035

0.064

0. 048

0. 053

0. 10

-7.5

0.063

0.035

0. 063

0.035

0. 050

0.25

-13. 5

0.062

0.034

0.061

0. 030

0. 048

0. 50

-23.6

0.050

0.034

0.059

0. 029

0. 042

1.0

-44. 1

0.041

0.032

0.049

0.026

0. 034

2.0

-83.7

0.033

0. 026

0.033

0. 023

0. 028

-142.6

0.021

0.025

0.036

0.012

0. 019

Saturated

Table

10.

The effect
plants

of various

sucrose

Cuvette
Osmotic Potential
(atm.)
7r

Succinic

concentrations

dehydrog

on the activity

nase activity

0f

succinic

(% of 0. 01 Molar

dehydrogenase

from

five

activity)·

Cauliflower

Sunflower

Halogeton

Salicornia

-3. 8

100"'

100

100

100

100

-4.7

116+13.4

107+ 8.7

107+ 7.7

110+ 5.4

117

8.0

-5.8

124+10.5

138+ 4.4

126+10.7

135+ 2.3

125

9.7

-9. 5

145+10.8

189+15.0

143+ 2. 1

185+23. 0

152+ 9.5

-16.2

169+13.5

252+27.5

180+ 3.9

263+18.4

230+30.2

-32. 0

428+33.7

576+21. 8

455+39.0

536+49.6

418 61. 6

-44.7

661+129

797+158

553+35.8

867+6 l. 2

536+53.5

See Table

11 (Appendix)

for actual

60D

values.

Sugarbeet

Table 11.

The effects

of increasing

Sucrose
Molarity

Osmotic
Potential (atm.)

sucrose

concentrations

on succinic

dehydrogenase

-1
Average* Change in OD x min
Cauliflower
Sunflower
Halogeton

X

activity

mg Protein
Salicorma

-1
Sugar beet

0.01

-3.8

0. 101

0. 035

0. 074

0. 059

0. 041

0, 05

-4.7

0. 115

0. 037

0. 080

0. 061

0.047

0. 10

-5.8

0. 123

0. 048

0, 093

0, 075

0.050

0.25

-9. 5

0. 145

0. 065

0. 106

0. 101

0. 061

0. 50

-16.2

0. 169

0. 087

0. 134

0. 144

0.092

1.0

-32. 0

0.427

0. 166

0.335

0. 296

0. 167

Saturated

-44.7

0. 652

0. 275

0.409

0.477

0.216

*Average

of three

measurements
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